• The normal developmental sequence in a grass grain entails the death of several 6 maternal and filial tissues in a genetically regulated process termed programmed 7 cell death (PCD). The progression and molecular aspects of PCD in developing 8 grain have been reported for domesticated species like barley, rice, maize and 9 wheat. Here, we report a detailed investigation of PCD in the developing grain of 10 a wild model species, Brachypodium distachyon.
Introduction 26 Ordered and finely regulated elimination of cells in living organisms is called 27 programmed cell death (PCD). PCD is a hallmark of numerous plant developmental 28 processes including cereal endosperm development (Daneva et al., 2016; Domínguez & in wheat and Brachypodium distachyon (Drea et al., 2005; Opanowicz et al., 2011) . Rice 98 nucellain, OsVPE1 was significantly down-regulated in OsMADS29-knock-down transgenic 99 seeds which may indicate direct regulation of OsVPE1 by OsMADS29 in rice (Yang et al., 100 2012) . Recent functional characterization of HvVPE4 by RNA interference revealed that 101 pericarp PCD is inhibited by downregulation of HvVPE4 leading to reduced size and 102 storage capacity in the embryo and endosperm (Radchuk et al., 2018) . The expression of 103 a cathepsin B-like protease gene belonging to the papain family (C1), overlaps with PCD 104 in nucellus, nucellar epidermis and nucellar projection of developing wheat grains 105 (Domínguez & Cejudo, 1998) . A rice Cys protease gene, Os02g48450, also belonging to 106 the papain (C1) family is severely downregulated in the nucellar projection of A- OsMADS29 expression either by antisense constructs or RNA interference resulted 114 partially filled grains that were small in size and shrunken in shape. The knockdown 115 mutant grains also had smaller endosperm cells, reduced starch synthesis and abnormally 116 shaped starch granules (Nayar et al., 2013; Yang et al., 2012; Yin & Xue, 2012) . 117 Brachypodium distachyon (subsequently Brachypodium) recently became established as a 118 model system for grasses. It is phylogenetically related to wheat, barley and rye. Mature 119 Brachypdoium grains have less starch in thick walled endosperm cells compared to 120 cereal grains. This is unusual because Brachypodium expresses the full set of genes 121 required for starch synthesis in its endosperm (Trafford et al., 2013) Table S3 for primer sequences) and transcribed in vitro with T7 RNA 234 polymerase. Brachypodium pre-anthesis ovary (Fig. 1a) . However, mesocarp cell disintegration proceeded 277 most rapidly in lateral cells ( Fig. 2a; Fig. S1c ). Endosperm PCD indicated by positive Evans 278 blue stain was detected by 15 DPA in a random pattern and increased in intensity thereafter 279 ( Fig. 1i,j; Fig. S1d ). At 25 DPA, the entire endosperm was deeply stained except the aleurone 280 11 layers. The progression of DNA fragmentation from pre-anthesis ovary to grain maturity is 281 also shown by DNA laddering using gel electrophoresis (Fig. S2 ). There was an increase in 282 the amount of less than 200 nt DNA fragments between from to pre-anthesis to 20 DPA. This 283 suggests that DNA cleavage is happening throughout grain development though in different 284 tissues. Less DNA fragments were detected at 25 DPA by which time the grain is mature and 285 the tissues that remain viable; the embryo and aleurone, are not undergoing PCD. its ortholog in Brachypodium and analysed its localisation in developing Brachypodium grain 290 using mRNA in situ hybridisation (Fig. 3) . BdMADS29 expression was detected in the 291 endocarp and mesocarp cells above the ovule at pre-anthesis ovary ( Fig. 3a-f ). We found that 292 BdMADS29 generally localizes in cells undergoing PCD in developing Brachypodium grain 293 and other tissues. Importantly, BdMADS29 is also localized in Brachypodium endosperm 294 cells undergoing PCD (Fig. 3g,h Our sequence search identified 93, 48, 5, and 10 genes belonging to Brachypodium A1, C1, 299 C13 and C14 protease family genes respectively (Table S1 ). Phylogenetic analyses 300 incorporating protein sequences of these gene families from Arabidopsis, barley, rice and 301 wheat enabled the identification and naming of putative orthologs in Brachypodium. 302 Phylogenetic trees for A1, C1 and C14 families are presented in Figure S3 , S4 and S5 303 respectively. Phylogenetic tree for C13 ( Fig. 4) . BdVPE2 on the other hand clusters more closely to HvVPE2c whose expression was hardly detected in developing barley grains. We confirmed the expansion of VPE2 315 cluster by examining the ensembl Plants gene tree that contains BdVPE2 (data not shown), 316 which showed that the species in Triticeae tribe has more sequences in this clade than species 317 in Brachypodeae, Oryzinae, and Panicoideae. In addition, BdVPE2 (BRADI5g16960) 318 expression in our transcriptome data was highest in mid-length and full-length grains (Fig. 5) , 319 a period that coincides with mesocarp and endosperm PCD and not nucellus, therefore 320 suggesting a functional difference with barley HvVPE2 genes. C14 family are expressed in grain tissues, they were also highly expressed in vegetative 330 tissue and none was judged to be grain specific. However, clusters of proteases that are 331 highly expressed during the period of nucellus and mesocarp PCD were identified in A1, C1 332 and C13 families (highlighted yellow in Fig. 5a,b,c) . Also clusters of genes that are highly 333 expressed in the endosperm can distinguished in A1 and C1 (highlighted green in Fig. 5a,b) . 334 We selected one representative gene from each protease family and validated their expression 335 using quantitative RT-PCR (Fig. 6) . The results agree with the RNA-Seq expression profile. (Young et al., 1997; Yin & Xue, 2012; 343 Radchuk et al., 2018) . 344 In this study, we investigated grain PCD in a wild species, Brachypodium. While the 345 general features of PCD are similar between developing cereals and Brachypodium grains, we also observed subtle differences in timing, pattern and progression of PCD 347 between cereals and Brachypodium grains. For example, we detected PCD in pre-348 anthesis ovary of Brachypodium (Fig. 1a) . PCD in pre-anthesis ovary have not been 349 previously reported in other species. A possible reason is that most studies focus on 350 PCD post fertilization. Our results suggest that PCD is activated in Brachypodium Brachypodium nucellar epidermis enlarges greatly before undergoing PCD ca. 6 DPA. 366 Interestingly, the nucellar epidermis does not collapse or disintegrate throughout grain 367 development. We have previously shown that the nucellar epidermis serves as assimilate 368 transport channel towards the endosperm (Solomon & Drea, 2019) . A similar role is played 369 by rice nucellar epidermis (Oparka & Gates, 1981) , which in contrast to Brachypodium 370 nucellar epidermis collapses during grain development. and barley. They showed that mesocarp cells of unfertilized ovary do not disintegrate. 380 Instead mesocarp cells swell laterally and force the lemma and palea apart in an 381 apparent attempt to increase the chances of cross pollination and fertilization. Our 382 results suggests that Brachypodium lacks this coordination of endosperm development 383 with mesocarp PCD. Furthermore, the rate of degeneration of Brachypodium grain 384 mesocarp cells is most rapid at the lateral regions (Fig. 2a ). This contrasts with the 385 centrifugal mesocarp degeneration pattern reported in barley, rice and wheat 386 (Domínguez and Cejudo, 2014; Dominguez et al., 2001; Radchuk et al., 2010; Yin and 387 Xue, 2012). Because the endosperm subsequently expands laterally to fill the space left 388 by disintegrated mesocarp cells, we speculate that the pattern of mesocarp 389 disintegration may contribute to the flat shape of Brachypodium grains. 390 Brachypodium endosperm PCD was detected at 15 DPA ( Fig. S1g ) and did not progress 391 in any discernible pattern. Random progression of endosperm PCD has also been 392 observed in wheat, whereas the maize endosperm PCD proceeds in an organized top-to-393 base fashion. The difference in the pattern of endosperm PCD has been attributed to 394 grain size. It has been suggested that while PCD can proceed randomly in the 395 comparatively smaller endosperm of wheat, larger of endosperm of maize require PCD 396 to be executed in organized manner (Young and Gallie, 2000, 1999; Young et al., 397 1997) . 398 Proteases are known to contribute to the execution of PCD. Although the details of the 399 contribution of individual genes are yet to be elucidated, the expression profile of several 400 protease genes strongly coincide with PCD in different grain tissues (Buono et al., 2019) . 401 Such correlative evidence have been used to implicate a number of protease genes as actors 402 during PCD of one or more cereal grain tissues. To gain a comprehensive view, we 403 identified all Brachypodium genes that belongs to protease families whose member have 404 been implicated in PCD of developing grains. The families comprise A1, C1, and C13. No 405 reports exist yet that links family C14 (metacaspases) to grain PCD. However, we included 406 family C14 in our analyses because members of the family have been characterised in detail 407 in Arabidopsis (Tsiatsiani et al., 2011) . Furthermore, the expression of metacaspase genes 408 were reduced in Brachypodium callus treated with 5 and 50 µM 5-azacitidine (Betekhtin et 409 al., 2018) . Phylogenetic analyses enabled the identification of Brachypodium orthologs of 410 the selected families. An RNA-Seq survey of the expression profile of genes in the selected 411 families revealed that majority of genes in A1 and C1 are lowly expressed in the vegetative 412 and grain tissues sampled. The analyses also revealed novel candidate genes that may be 413 further explored for their roles in grain PCD (Table 1) . Nevertheless, mRNA expression of 414 proteases may not always mean activity because proteases are known to be inhibited by 415 cystatins (Subburaj et al., 2017) . 416 417 The protease family C13 (VPEs) remarkably has genes that are the most highly HvVPE2d in nucellar and endosperm fractions (Radchuk et al., 2010) . HvVPE2a 421 (nucellain) localizes in degenerating nucellar cells (Linnestad et al., 1998) . Therefore, 422 these three genes are hypothesized to play major roles in barley grain nucellar PCD. The 423 three genes and their wheat orthologs, form a distinct subclade (Fig. 4) . However,
424
BdVPE2 is more similar to HvVPE2c, which is barely expressed in barley grains. We pre-anthesis ovary (Pr As Ov), full-length grain (FL), mature grain (MG) and mature grain without 666 embryo (MG-E). Seedling was used as calibrator. Error bars indicate ± SD (n = 3). ANOVA showed 667 significant expression difference in between samples for all genes tested at P < 0.05. 668 669 Tables   670   Family  Family Nucellar Mesocarp Endosperm   A1  BRADI1g42930  --YES  A1  BRADI2g45800  --YES  A1  BRADI1g49410  YES  YES  -A1  BRADI5g26620  YES  YES  -A1  BRADI2g02140  --YES  C1 BRADI2g08300 -YES YES C13 BRADI5g16960 (BdVPE2) -YES YES 
